This article summarizes studies in which the author has been involved over several decades, directed toward providing solutions for the three major limitations to the field of transplantation: (1) drug treatmentrelated complications; (2) chronic rejection; and (3) the availability of transplantable organs. The first two of these limitations may be overcome by induction of transplantation tolerance, while the third will also require a new source of organs, for which great strides are now being made in xenotransplantation through genetic engineering.
There are currently three major limitations to the field of transplantation: (1) drug treatment-related complications, including an increased incidence of infections, cancer, and diabetes, which often keep patients from seeking a transplant until their underlying disease has become lifethreatening ( Figure 1) ; (2) chronic rejection, which causes loss of 5-7% of transplanted organs per year, even in patients who take their immunosuppressive drugs correctly; and (3) the availability of transplantable organs, a limitation that leads to the death of thousands of patients each year, whose lives might have been saved by an organ transplant. The present article summarizes studies in which the author has been involved over several decades, directed toward providing solutions for these three limitations to this field of research. As described in more detail below, the first two of these limitations may be mitigated or even eliminated through the induction of transplantation tolerance. The third limitation, however, will require a new source of transplantable organs, a problem for which the author believes that xenotransplantation offers the most likely near-term solution.
Transplantation Tolerance
Immunologic tolerance is generally defined as the specific absence of a response to a particular antigen in the face of normal immune responses to all other antigens in the environment and the absence of immunosuppression. However, in the field of transplantation, it has become evident over the past several decades that this definition is no longer satisfactory, because tolerance can result both from the loss of a specific immune response (i.e., deletional tolerance) or from an active down-regulatory immune response (i.e., regulatory tolerance). We have therefore proposed a more accurate definition of transplantation tolerance as "the specific absence of a destructive immune response to a transplanted tissue in the absence of immunosuppression." The key words in this definition are "specific," because tolerance must be directed only to the transplanted tissue and not to other antigens; "destructive," to include positive but downregulatory responses; and "absence of immunosuppression," indicating that demonstration of tolerance requires withdrawal of all immunosuppressive medications.
It has been known for many years that when a bone marrow transplant is successful, it carries with it tolerance to any other tissue or organ from the donor of the bone marrow. This principle has been established not only from animal experiments, but also from the treatment of patients. Thus, there are now numerous cases in which a bone marrow transplant from a closely matched sibling was performed to treat leukemia or lymphoma in a patient who, later in life, developed renal failure. In many of those cases, the original sibling donor was also willing to give a kidney. Under this circumstance, no immunosuppression was required, because the recipient had become tolerant due to the former bone marrow transplant (1, 2).
Fortunately, for clinical applications, this kind of tolerance does not require a complete bone marrow transplant, but rather requires only that a small percentage of bone marrow-derived cells persist in the recipient at the time of the organ transplant. This state, involving a mixture of bone marrow from recipient and donor, has been called "mixed chimerism" and is the basis of the tolerance induction that we and others have used successfully to free transplant recipients of the requirement for lifelong immunosuppressive drugs (3) .
The principle of tolerance through mixed chimerism was demonstrated over a period of 20 years of research, first in mice (4, 5) and then in large animals (6, 7) . It was necessary to demonstrate this effectiveness in large animals because, although mouse models are unrivaled in the wealth of strains and reagents available and in the ease of genetic manipulation, it is too easy to induce transplantation tolerance in mice. This need for use of large-animal models in transplantation tolerance research is illustrated in Figure 2 , which shows the large number of methodologies that have resulted in transplantation tolerance in mice and the fact that, to date, only hematopoietic chimerism has led to tolerance in nonhuman primates and humans.
Although mixed chimerism has been effective for the induction of transplantation tolerance in mice (5), pigs (6), monkeys (7) and humans (8) 
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species. Thus, in mice, lifelong mixed chimerism can be achieved, as evidenced by the persistence of a mixture of host and donor lymphohematopoietic elements for the life of the animals (5). In primates, the chimerism achieved has generally been only transient, lasting for weeks to months (7) . In this case, there is evidence that the tolerance achieved is likely to involve both deletional and regulatory mechanisms, with long-term tolerance maintained predominantly by regulation rather than deletion (9) . We believe that this difference may be attributable, at least in part, to the much greater difficulty with which T cells, especially memory T cells, can be eliminated in large animals as compared with mice (10). Of note, in our primate studies, although all animals lost evidence of mixed chimerism by 2 months, tolerance was maintained as long as a kidney from the bone marrow donor was transplanted while chimerism was still present (11) . We therefore hypothesized that the kidney was itself involved in the maintenance of tolerance after loss of chimerism, likely by its ability to induce and/or maintain regulatory mechanisms of tolerance (12) . To date, neither the heart nor the lungs have been equally successful in maintaining tolerance in monkeys, using a similar protocol, although combined transplantation of kidney and heart from the same donor has led to long-term acceptance of both organs, again suggesting the importance of the kidney itself in maintaining this tolerance (13) (14) (15) . Despite the transient nature of the chimerism, the tolerance achieved by bone marrow plus kidney transplantation was systemic, as evidenced by acceptance of donor skin grafts placed almost 1 year later, well after chimerism had disappeared and at a time when third-party skin grafts were promptly rejected ( Figure 3 ). In addition, biopsies of kidneys from long-term tolerant monkeys showed none of the chronic rejection seen routinely in animals bearing kidneys maintained by immunosuppression (11, 16) . On the basis of the success achieved in these animal models, studies of kidney allograft tolerance induction in transplant patients were begun in the late 1990s, with the support of the newly established Immune Tolerance Network of the National Institute of Allergy and Infectious Diseases (National Institutes of Health, Bethesda, MD). The first series of transplant recipients included patients with kidney failure due to multiple myeloma, a form of cancer that might also be helped by the tolerance induction procedure. Tolerance of kidney transplants from HLA-matched siblings was achieved in all of these patients, although not all were cured of their myeloma (17, 18) . The results were so remarkable that additional trials, also supported by the Immune Tolerance Network, were begun in an attempt to achieve tolerance in patients who did not have any evidence of malignancy and did not have a matched sibling donor to provide the transplant.
The results of these studies have been encouraging. Of the 10 HLA-mismatched patients treated so far by this mixed chimerism approach, 7 were able to be weaned completely from immunosuppressive drugs for at least 5 years (19) and 4 have remained drug-free with stable renal function for 5-13 years (20) . The patients all entered the trial with severely compromised renal function, which was restored to normal quickly after transplantation. They all developed multilineage mixed chimerism that was transient, becoming undetectable within 2 weeks. A troublesome complication has been the occurrence of renal dysfunction on about Day 10 post-transplantation, a spontaneously reversible phenomenon that has been called "engraftment syndrome" in recipients of bone marrow transplants (21) . However, in the case of bone marrow transplantation in patients with otherwise normal kidneys, this syndrome is much less of a problem than it is in patients who have just undergone kidney transplantation. We are currently exploring changes to the protocol that we hope will avoid this complication in the future. Our results already suggest, however, that tolerance approaches will be capable of avoiding the complications of chronic immunosuppression and may have a salutary impact on the development of chronic rejection, thus ameliorating two of the major limitations to success of transplantation today.
Xenotransplantation
Although the induction of allogeneic tolerance should improve the quality of life of our transplant patients, it will do little if anything to solve the third problem: the shortage of available donor organs. It is for this reason that xenotransplantation, the transplantation of organs from animals to humans, has become the subject of intense investigation over the last few decades, while waiting lists for human organs have continued to increase. One might ask what animal would be the ideal donor for a xenotransplant, and it is clear that if one could use nonhuman primates, the goal would be much easier to achieve. Indeed, even before the advent of modern immunosuppression, the use of a chimpanzee kidney to treat a patient in renal failure was demonstrated to be successful for more than 9 months before rejection (22) . In addition, we have successfully induced tolerance of transplanted kidneys from baboons to monkeys, using a mixed chimerism approach similar to that used successfully for allogeneic kidney Figure 3 . Evidence that skin acceptance was specific and systemic. Tolerance was specific and systemic, even in animals that had lost detectable chimerism by 2 months post-transplantation. Thus, donor skin (frozen at the time of the renal transplantation) was accepted by tolerant animals at 1 year, whereas third-party skin was rejected promptly, whether fresh or frozen.
transplants (23) . However, there are a number of compelling arguments against the use of nonhuman primates for this purpose, including the fact that the only nonhuman primates of sufficient size to serve as donors for many organs needed by adult humans would be endangered species (e.g., chimpanzees or great apes). In addition, even the use of more available species, such as baboons, would pose serious ethical questions and concerns about the potential for transmission of viruses, which are more of a problem between closely related than distantly related species. For all of these reasons, most investigators have settled on the pig as a more appropriate potential donor for xenotransplantation of organs to human recipients. Pigs are readily available; have favorable reproductive characteristics; can be bred in controlled, clean environments to avoid pathogens; are amenable to genetic engineering; and are less likely to raise ethical concerns about their use for this purpose because they are accepted as a food source in most modern societies.
In the author's laboratory, a special strain of pig has been developed through selective breeding over more than 40 years. These pigs are called "miniature swine" because unlike domestic swine, which attain adult weights of greater than 1,000 pounds, the maximum size of these animals is 200-300 pounds. They can therefore be used as organ donors at sizes appropriate for any potential human recipient, from a baby to a large adult. In addition, through selective breeding, it has been possible to control the genetics of these animals and achieve a high coefficient of inbreeding, so that all animals of one strain are essentially identical. This property could be important for the induction of tolerance, because one could potentially use the cells or genes from one animal to induce tolerance of an organ from another animal of the same strain.
Over the past 20 years, extensive research has been performed using pig-tobaboon transplants as a model for potential clinical xenotransplants. Until recently, the major stumbling block to all of these studies was the presence of a large amount of natural antibody in nonhuman primates directed toward the cells of pigs. The majority of these antibodies are directed to a single determinant, a-1,3-galactose, or "Gal knockout" (24) . The reason for the presence of these antibodies is that during evolution, at the level of Old World primates, the gene for the enzyme a-1,3-galactosyltransferase (GalT), which puts Gal onto cell surface proteins, became a pseudogene (i.e., lost its function through mutation) (25) . Because the Gal antigen is found on bacteria and other environmental antigens, humans and Old World primates make a large amount of antibody against Gal and anti-Gal antibodies cause vigorous rejection.
Using genetic engineering techniques, this enzyme was eliminated from one of our inbred strains of miniature swine by inducing a knockout mutation (26) . A similar knockout was produced by another group using standard, nonminiature swine (27) . Like humans and Old World primates, these GalT knockout (GalT-KO) pigs do not put Gal on to the surface of their cells. As a result, xenotransplants can
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now be performed without the powerful rejection previously caused by natural antiGal antibodies. The results have been remarkable, with increased survival of both heart and kidney transplants from pigs to baboons (28, 29) . Using immunosuppressive drugs, organ survival has been prolonged when using these new GalT-KO pigs as donors, but new antibodies soon appeared, causing rejection (28, 29) , and suggesting the need for induction of tolerance. Indeed, as important as induction of tolerance may be for improving the quality of life of transplant patients receiving human organs, we believe that it will be even more important for the success of xenotransplantation, because so much more immunosuppression may be required to prevent rejection across this much stronger histocompatibility barrier. In our laboratory, we have explored two approaches to the induction of xenograft tolerance: (1) mixed chimerism and (2) vascularized thymic transplantation. As illustrated in Figure 4 , both of these approaches are based on the premise that the thymus is the center of T cell-mediated transplantation immunity. Thus, in both approaches, mature T cells are eliminated before transplantation. In the case of mixed chimerism, new T cells develop in a host thymus in which both residual host antigen-presenting cells (APCs) and donor APCs, derived from the donor bone marrow inoculum, can participate in negative selection of newly developing T cells, leading to deletional tolerance. Likewise, in the case of thymic transplantation, the host thymus is removed and a vascularized donor thymus is transplanted at the same time as the xenograft organ. As seen in the illustration, the xenograft organ can actually be a composite "thymokidney," a kidney prepared by transplanting thymic tissue from the donor under the donor animal's own kidney capsule about 2 months before the xenotransplantation. In this way, both the kidney transplant and vascularized thymic transplant can be performed simultaneously (30) . The thymus can also be transplanted as a separate, vascularized thymic lobe (31) , which would permit a combined transplant with any other organ. In both cases, new T cells that develop will do so in a thymus in which both host APCs and donor APCs can participate in the negative selection process, leading to deletional tolerance.
Both of these approaches are still "work in progress," but both have produced encouraging results. Until recently, the thymic transplantation approach was pursued most actively (31) (32) (33) , largely because we had not been able to achieve mixed chimerism lasting more than a few minutes, even using GalT-KO donors. However, by using a new, transgenic GalT-KO donor, produced by introducing the human CD47 gene into our inbred GalT-KO line, we have achieved transient mixed chimerism lasting more than 8 days and allowing a porcine skin graft to survive on the recipient baboon for more than 60 days (34) . By combining this technology with intrabone administration of donor bone marrow (35) , we hope to extend the level and duration of chimerism. In addition, we are exploring new genetic engineering technologies to produce additional transgenic animals on our inbred GalT-KO background, designed to increase chimerism even further.
Conclusions
Transplantation tolerance has the potential to overcome both drug treatment-related complications and chronic rejection, which represent two of the three major limitations to the field of transplantation today. Induction of mixed lymphohematopoietic chimerism has been demonstrated to be an effective means for inducing such transplantation tolerance both in animal models and in more recent clinical trials. Tolerance alone, however, cannot overcome the shortage of donor organs, which represents the third major limitation to this field. Major strides toward this goal have been made through the use of genetic engineering of swine as potential donors of xenografts. The induction of tolerance to such xenografts is likely to play a major role in ensuring their eventual success. n Author disclosures are available with the text of this article at www.atsjournals.org.
